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Abstract. C-terminal peptide a-thioesters are valuable intermediates in the synthesis/semisynthesis of proteins
by native chemical ligation. They are prepared either by solid-phase peptide synthesis (SPPS) or
biosynthetically by protein splicing techniques. The present paper reviews the different methods available for
the chemical synthesis of peptide a-thioesters using Fmoc-based SPPS.
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Introduction

C-terminal peptide thioesters are key intermediates for the synthesis/semisynthesis of proteins [1-3] as well as
for the production of cyclic peptides [4-7] by native chemical ligation (NCL) [8, 9]. These mildly activated
species can also be used for the construction of topologically [10-14] and backbone engineerd [15-18] proteins.
Peptide C-terminal thioesters can be prepared by standard solid-phase peptide synthesis (SPPS) using Boc
methodology [6, 19, 20], or for larger polypeptide domains and protein domains, using intein-based bacterial
expression systems [3, 21]. Unfortunately, the Boc methodology requires the use of HF, which is extremely
toxic and not well suited for synthesis of phospho- [22, 23] and glycopeptides [24-26].

The Fmoc-based methodology, on the other hand, is an attractive alternative as it does not employ HF and
hence provides access to the synthesis of phospho- and glycopeptides in good yields. However, the poor
stability of the thioester functionality to strong nucleophiles such as piperidine, which are used for the
deprotection of the N*-Fmoc group, seriously limits the use of this methodology.

In order to overcome this limitation different approaches have been described. This paper will review them in

detail and will discuss their potential advantages as well as limitations.



Fmoc-based synthesis of peptide a-thioesters

Solution synthesis using partially protected peptides. The first attempt to synthesize peptide a-thioesters using
Fmoc-based SPPS was reported by Futaki et al [27]. In this approach, the corresponding peptide o.-thioesters
were prepared in solution using a partially protected precursor. The protected peptide precursor was assembled
on a 4-chlorotrityl (4-CI-Trt) resin using standard Fmoc-SPPS. After cleavage from the acid-labile resin with
AcOH:trifluoroethanol (TFE):dichloromethane DCM (1:1:8) at room temperature for 1 hour, the C-terminal
carboxylic group of the partially protected peptide was thioesterified with the appropriate thiol using different
carbodiimides in the presence of 1-hydroxybenzotriazole (HOBt) in dimethylformamide (DMF). Treatment of
the product with trifluoroacetic acid (TFA) provided the fully unprotected peptide. This approach was used to
generate two different 20-mer peptide thioesters derived from the transmembrane S4 segment of the rabbit
skeletal muscle calcium channel and from Alamethicin in moderate yield (16% to 20%). Since then, Futaki’s
approach has been successfully used by different groups for the synthesis of different Cholecystokinin (CCK)
isoforms [28], N-terminal modified Histones [29], pro-neuropeptide Y fragments [30] and several poly-
glycosylated polypeptides [31]. In all cases the peptide thioester fragments involved in the chemical synthesis of
the different proteins were generated by Fmoc-based SPPS on a 4-Cl-Trt resin with similar yields to those
reported previously. It is important to note, however, that a major drawback to this method, besides the poor
solubility of protected peptides, is epimerization of C-terminal residues other than Gly during the
thioesterification reaction. A recent study [30] has shown that epimerization strongly depends on the conditions
as well as the coupling reagent used. The best results were obtained using phosphonium salts which only gave
=~2% epimerization at the C-terminal amino acid.

Solid-phase synthesis using Fmoc-N“ deprotection compatible with a-thioesters. Fmoc-deprotection cocktails
designed to minimize thioester aminolysis have also been exploited for the Fmoc-based synthesis of peptide
thioesters. Thus, Li et al. [32] explored various combinations of amines that could efficiently deprotect the N“-
Fmoc group with minimal aminolysis of the peptide thioester group. It was found that a solution of 2%
hexamethylene imine, 2% 1-hydroxybenzotriazole (HOBt) and 25% 1-methylpyrrolidine in N-
methylpyrrolydone (NMP):dimethylsulfoxide (DMSO) (1:1) removed the N“-Fmoc protecting group of a model
hexapeptide thioester in 20 min at room temperature. Under these conditions only 15% of the peptide thioester
was decomposed by aminolysis. It was also found that S-tertiary alkyl thioesters were slightly more stable to
aminolysis than S-primary alkyl thioesters. Using this approach a 25-mer peptide thioester was assembled on a
Fmoc-Gly-SC(CH,),CH,CONH-SAL-(-Ala-MBHA resin [33]. After TFA cleavage, the corresponding peptide
thioester was obtained in 19% yield. A similar approach has also been used by Hojo et al. [34] for the
preparation of a 25-mer N-glycosylated peptide thioester that was later used to prepare a N-glycosylated Ig
domain. Hasegawa et al. [35] have also reported the synthesis of a phosphopeptide thioester derived from the

p21Max protein using this approach. In this case, however, 5% epimerization of the C-terminal residue was



observed during the Fmoc-based synthesis. This was attributed to the N“-Fmoc deblocking solution employed
during the synthesis. Epimerization was effectively suppressed, however, by shortening the time of deblocking
process via the use of highly base sensitive Fmoc(2-F) groups for the a-amino protection.

In a similar fashion, Clippingdale et al. [36] reported the synthesis of a 10-mer peptide thioester using the non-
nucleophilic base 1,8-diaza-bicyclo[5.4.0]Jundec-7-ene (DBU) in combination with HOBt in DMF for the
deprotection of the N*-Fmoc during SPPS assembly. This peptide thioester was obtained in 20% yield and was
used for the synthesis by NCL of a modified human a-Synuclein. The major problem associated with this
approach was aspartimide formation during DBU treatment. The use of HOBt during the deprotection step as
well as backbone amide protection for the aspartimide prone sequence (Asp-Gly) considerably attenuated the
formation of this by-product.

Nevertheless, the major problem associated with this strategy is the residual lability of the thioester group
towards these N“-Fmoc deblocking cocktails. It has been estimated that during the first and second couplings as
much as 70-80% of the peptide can be lost during the removal of the Fmoc group. Surprisingly, no significant
peptide loss is observed after the introduction of the third residue [35].

Solid-phase synthesis using a Backbone Amide Linker (BAL). Alsina et al. [37] reported the introduction of
the a-thioester group at the end of the synthesis of the target peptide. Key to their approach was the use of the
backbone amide linker (BAL) [38, 39] which was employed to generate medium sized peptide thioesters using
an Fmoc-based strategy. This strategy (Scheme 1A) relies on anchoring the growing peptide through a
backbone nitrogen instead of through a terminal C”-carboxyl group [38]. Thus, the C”-carboxyl group remains
protected (usually as an allyl ester) during the SPPS assembly of the peptide. Once the synthesis is completed,
the C”-carboxyl protecting group is selectively deprotected and then thioesterified with the appropriate thiol.
Initial studies showed, however, that direct thioesterification of the activated peptide C”-carboxyl group led to
significant epimerization of C-terminal residues other than Gly. This problem was minimized by reacting the
activated carboxylic group with a preformed amino acid thioester residue [37]. Under these conditions
epimerization of the penultimate residue was reduced to 2%. The BAL approach has also been recently
employed by Tulla-Puche et al. to generate circular peptides [40] and proteins [41] through intramolecular NCL
[4-7, 10] of the corresponding N-terminal Cys-containing peptide a-thioesters which were assembled by Fmoc
chemistry.

The main limitations of this creative approach, however, are the residual epimerization observed at the
penultimate residue and (DKP) formation during the coupling of the second amino acid. Brask et al. [42] have
recently reported a BAL-based approach that overcomes DKP formation. The key element in their strategy is
anchoring of an amino trithioortho ester derived from Gly through a BAL support (Scheme 1B). Because
trithioortho esters are not susceptible to nucleophilic attack, the formation of DKP at the dipeptide stage is

totally avoided. After standard Fmoc-based assembly of the peptide, the treatment of the peptide resin with TFA



yields directly the corresponding thioester peptide. This approach has been only applied to peptides containing a
C-terminal Gly residue. Further studies are needed to determine if this strategy can be extended to chiral amino

acids at this position without racemization.
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Scheme 1. Synthesis of a C-terminal Gly-containing peptide a-thioester using the BAL linker.

Solid-phase synthesis using PAM/Wang resins and alkylaluminum-mediated thiolysis. This alternative Fmoc-
compatible approach for the production of peptide o-thioesters was first reported by Swinnen et al. [43]. This
synthetic scheme involves the assembly of the target peptide in either a PAM or Wang resin using standard
Fmoc-based SPPS and then cleavage of the protected peptide resin with an excess of AIMeCl, and EtSH in
DCM. This process cleaves the peptide from the resin at the same time that introduces a C“-thioester group at
the C-terminal residue. Final TFA treatment of the protected peptide a-thioester cleaves the side chain
protecting groups. This approach was used to generate different peptide a-thioesters in different yields, ranging
from 20-60%. However, some problems arising from epimerization of C-terminal residues other than Gly and
undesired reactions, especially formation of side chain thioesters and aspartimide rearrangement, were also
observed [43]. Further studies have shown that by using AlMe, in place of the more acidic AIMeCl,, the
formation of aspartimides and aspartic acid side chain thioesters can be greatly suppressed [25, 44]. However,
although AlMe, has been shown to be compatible with peptides of complex composition, earlier studies have
suggested that the extent of epimerization of susceptible C-terminal thioesters would also increase. This
difficulty can be circumvented when a C-terminal Gly thioester can be used. This improved approach was

demonstrated by the synthesis of a C-terminal Gly-containing peptide thioester corresponding to the 37 amino



acid long N-terminal fragment of the bovine pancreatic trypsin inhibitor [44]. This fragment was obtained in
overall 8% yield, which can be compared with the 15% yield for the same peptide obtained by the Boc method.
Solid-phase sythesis using Kenner’s sulfonamide safety-catch linker. Ingenito et al. [45] and Shin et al. [24]
independently reported in 1999 the Fmoc-based SPPS of C-terminal thioesters using Kenner’s acyl-sulfonamide
safety catch linker [46] as modified by Backes et al. [47, 48]. This acyl-sulfonamide linker is completely stable
to basic or strongly nucleophilic conditions and can be activated by treatment with either trimethylsilyl-
diazomethane (TMS-CHN,) or iodoacetonitrile to provide a N-alkyl acylsulfonamide, which is susceptible to
nucleophilic attack. Activation with TMS-CHN, gives usually better thiolysis yields [45]. The synthetic scheme
to obtain peptide thioesters through this approach is illustrated in Scheme 2. Briefly, the first Fmoc-amino acid
is attached to the linker-derivatized resin by using benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphate (PyBOP)/N,N-diisopropylethylamine (DIEA) as coupling reagent in DMF at —20°C for 8-
18 h, and then the peptide is assembled using standard Fmoc protocols. Once the peptide is fully assembled, the
resin is activated and then reacted with a suitable thiol. The protected peptide thioester is finally fully
deprotected by treatment with TFA. This approach was successfully used to generate different peptide thioesters
(from 3- to 24-mers) in yields =70% [45] and in the synthesis of a 24-mer glycopeptide thioester for the
synthesis of the O-linked glycoprotein Diptericin by NCL [24]. Since its introduction in 1997, this approach has

been used for several groups in the synthesis of different peptide thioesters involved in the production of
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Scheme 2. Synthesis of a peptide a-thioester using the acyl sulfonamide safety catch linker.

different glycoproteins [26], phosphoproteins [23, 49, 50], Se-containing proteins [51] and circular proteins [52]
by NCL. Despite its popularity, however, this approach possesses some limitations. Several potential side
reactions have described during the activation step [53], especially alkylation of Met residues. Also, the thiol-
mediated cleavage has been described to give inefficient or moderate cleavage yields, especially when -
branched residues are located at the C-terminus of the peptide [24, 54]. This can be improved by using TMS-
CHN, as activating agent [45] and also by carrying out the thiol-mediated cleavage reaction in 2M

LiBr/tetrahydrofuran (THF) [55]. Another difficulty associated with this approach are the long reaction times



(8-18 h) and careful selection of reaction conditions required to obtain adequate loadings with minimal
epimerization [48]. Ingenito et al. [56] have recently shown that Fmoc-amino acid fluorides (generated in situ
from cyanuric fluoride [57]) are highly effective reagents for the acylation of the sulfonamide linker, enabling
high loadings using short times (=90% in 1h) with low levels of epimerization (<1%).

Solid-phase synthesis using an aryl hydrazine linker. Our group [58] recently reported the use of a hydrazine
safety-catch linker [59-61] for the synthesis of peptide thioesters using Fmoc chemistry. The commercially
available aryl hydrazine linker is totally compatible with either Fmoc- or Boc-based chemistries [62-69]. The
peptide hydrazine resin, however, can be activated by treatment with mild oxidizing agents to provide a reactive
acyl diazene intermediate that readily reacts with N- or O-nucleophiles [62-67, 69-71]. This procedure (Scheme
3) involves the direct assembly of the peptide on a phenyl hydrazine resin (Novabiochem) using standard Fmoc
protocols. At the end of the synthesis, the fully protected resin is activated by mild oxidation with N-
bromosuccinimide (NBS, 2 equiv.) in the presence of pyridine (10 equiv.) in DCM for 10 min. The reactive acyl
diazene is then efficiently cleaved (< 30 min) with an amino acid S-alkyl thioester (10-20 equiv.) to yield the
fully protected peptide a-thioester. Subsequent side chain deprotection with TFA in the presence of the

appropriate scavengers, provides the desired peptide thioester.
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Scheme 3. Preparation of peptide a-thioesters using an aryl hydrazine linker.

A number of model peptide thioesters were synthesized in good yields (70-90%) using this approach [58]. No
detectable racemization (<0.5%) was observed during the activation and cleavage of the hydrazine linker [58,
69]. Also the oxidation and cleavage of peptides containing oxidative-sensitive residues (i.e. Trp, Tyr and Cys)
protected as Trp(N™-Boc), Tyr(t-Bu) and Cys(SR) proceeded without side reactions under the conditions used
in our study. Met-containing peptides, on the other hand, were readily oxidized to the corresponding Met-
sulfoxide by NBS. However, sulfoxide-Met was reduced to Met when the deprotection reaction was carried out
for 3 h at room temperature in the presence of 2% EtSH in TFA [58].

This approach was also used to generate a 13-mer N-terminal Cys-containing peptide thioester derived from the

tenth type III module of Fibronectin [4] to generate a circular peptide by intramolecular NCL, and a 22-mer



peptide thioester derived from the N-terminal SH3 domain of the c-Crk protein [72] that was used to generate a
fully active variant of this protein domain by NCL [58].

This approach does not require special linkers, resins or complicated protocols as commercial hydrazine resins
are employed and the assembly of the peptide chain is carried out using standard SPPS methods. Amino acid S-

alkyl thioesters (H-Ala-SEt and H-Gly-SEt) are commercially available from Novabiochem.

Summary and Conclusions

C-terminal peptide thioesters are key intermediates for the synthesis and semisynthesis of chemically
engineered and natural proteins through NCL. Peptide thioesters can be recombinantly expressed using
modified protein splicing units or chemically through SPPS techniques. Boc-SPPS, which relies on the use of
the highly toxic HF, has been the method of choice for the efficient preparation of peptide thioesters. The Fmoc-
based approach eliminates the need for HF and also provides efficient access to peptide thioesters that are either
not or only partially stable to HF treatment (glyco- or phosphopeptides). In this paper we have reviewed the
different methods reported in the literature that generate these valuable intermediates by Fmoc-based chemistry.
All the available methods have advantages and disadvantages. Among the various methodologies reviewed, the
most popular to date employs the sulfonamide linker [24, 45]. However, various problems have been associated
with the use of this methodology for the production of peptide thioesters [53, 54]. The recent introduction of the
hydrazine linker for the production of peptide thioesters offers a promising alternative [58]. This linker has been
successfully used for the facile preparation of peptide thioesters in good yields without limitation of size and
amino acid composition. The oxidation and cleavage reactions have been shown to be totally compatible with
sensitive amino acids when the appropriate protecting groups and oxidative conditions are employed.

Furthermore, no racemization is observed during the activation and cleavage of this linker.
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